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Bivalent Conjugate Vaccine Induces Dual Immunogenic Response
That Attenuates Heroin and Fentanyl Effects in Mice
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ABSTRACT: Opioid use disorders and fatal overdose due to consumption of fentanyl-laced heroin remain a major public health
menace in the United States. Vaccination may serve as a promising potential remedy to combat accidental overdose and to mitigate
the abuse potential of opioids. We previously reported the heroin and fentanyl monovalent vaccines carrying, respectively, a heroin
hapten, 6-AmHap, and a fentanyl hapten, para-AmFenHap, conjugated to tetanus toxoid (TT). Herein, we describe the mixing of
these antigens to formulate a bivalent vaccine adjuvanted with liposomes containing monophosphoryl lipid A (MPLA) adsorbed on
aluminum hydroxide. Immunization of mice with the bivalent vaccine resulted in IgG titers of >10° against both haptens. The
polyclonal sera bound heroin, 6-acetylmorphine, morphine, and fentanyl with dissociation constants (K3) of 0.2 to 0.50 nM. Mice
were protected from the anti-nociceptive effects of heroin, fentanyl, and heroin +9% (w/w) fentanyl. No cross-reactivity to
methadone and buprenorphine was observed in vivo. Naloxone remained efficacious in immunized mice. These results highlighted
the potential of combining TT-6-AmHap and TT-para-AmFenHap to yield an efficacious bivalent vaccine that could ablate heroin
and fentanyl effects. This vaccine warrants further testing to establish its potential translatability to humans.

B INTRODUCTION heroin is not only a public health burden but also an issue of
The adulteration of heroin with more potent opioids such as national security, as it puts law enforcement officers and first
fentar})ilgis an alarming public health menace amid the opioid responders at risk of occupational exposure.'”'® The abuse of
crisis. ~ Deaths due to heroin laced with synthetic opioids synthetic opioids has also been linked to an increased risk of

have been increasing since 2014 and have already out-
numbered the deaths due to heroin use alone.* Fentanyl is
~30- to 50-fold more potent as an analgesic than heroin, and a

acquiring an infectious disease such as the human immune
deficiency virus (HIV) due to needle sharing.'*"* Finally, with

smaller amount of the mixture can evoke the same euphoric the mounting estimated annual cost of ~$78.5 billion in the
effects of heroin alone, but with much lower production costs.’ United States'® incurred by the opioid epidemic, novel and
Fentanyl is S- to 20-fold more lethal than heroin (fentanyl pragmatic approaches are urgently needed to address this

LDy, = 1 to 3 mg/kg, heroin LDy, = 15 to 20 mg/kg),é’7 and public health burden.
the spiking of fentanyl in heroin exacerbates respiratory
depression rates and brain hypoxia.® Other more potent
fentanyl analogues with potencies from 3- to 10,000-fold
higher than morphine could also be used as potential
adulterants.””'? These dangerous drug combinations predis-
pose the more than 500,000 Americans with heroin use
disorder”"" to an increased risk of fatal overdose due to

consumption of adulterated heroin. Trafficking of adulterated
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Figure 1. Structure of drugs and conjugates and the research strategy implemented in this study. (a) Chemical structures of heroin, 6-AM,
morphine, and fentanyl. (b) Structures of TT-6-AmHap and TT-para-AmFenHap conjugates. The 6-AmHap and para-AmFenHap haptens and the
NHS-(PEG),-maleimide cross-linker [SM(PEG),] linker are depicted in red, blue, and black, respectively. (c) Research strategy: TT-6-AmHap (10
ug) and TT-para-AmFenHap (10 ug) conjugates were mixed with ALF43 and Alhydrogel (ALF43A) adjuvant, and injected i.m. to female Balb/c
mice. Adjuvant doses were the same in monovalent and bivalent formulations. The ability of the serum IgG to sequester the opioids in vitro and

block their anti-nociceptive effects in vivo was tested.

Limited treatment modalities remain a major barrier toward
the successful mitigation of opioid use disorder. Evidence-
based treatments,'’ such as the use of methadone,
buprenorphine, and naltrexone, while effective, are challenged
by patient adherence rates and access to treatment
facilities."®'” In the absence of secondary protective measures,
patients under this type of therapy who relapse from opioid use
are poised for greater risk for overdose.'” While opioid
overdose can be reversed by naloxone, a p-opioid receptor
antagonist,”” it has notable caveats: (1) multiple doses may be
required to reverse the effects of synthetic fentanyl
analogues;”””" (2) naloxone has to be administered rapidly
to victims shortly after being found unconscious, which may
not always be realistic; and (3) naloxone precipitates opioid
withdrawal symptoms and other complications.””**

Current research efforts are focused on developing
alternatives or complementary modalities to methadone,
buprenorphine, naltrexone, and naloxone. Active immunization
using opioid conjugate vaccines is an emerging potential
therapeutic against opioid use disorder.”* >® Several research
groups have been working on vaccines for drugs of abuse to
methamphetamines,27 cocaine,”® oxycodone,29 heroin,*® and
fentanyl and analogues.”’ ™’ An opioid vaccine is composed of
a molecule that structurally resembles the target opioid (a
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hapten) that is conjugated to an immunogenic carrier protein
and formulated with an adjuvant that stimulates immune
response.””*" Immunization induces antibodies that target and
sequester opioids in the blood and reduces the physiological
effects of these opioids by preventing their access to the
brain.”*** Since the resulting antibody repertoire is highly
selective to the target antigen, vaccines that target multiple
opioids with very different chemical scaffolds, such as heroin
and fentanyl, will require a combination of these monovalent
vaccines.

Combination vaccines, also called polyvalent vaccines, that
aim to raise immune response against multiple protein or
polysaccharide antigens are not new,””
vaccines that target small molecules such as opioids are
relatively uncommon. Pravetoni et al. first reported the
coformulation of a morphine and oxycodone vaccine.*” Our
group has demonstrated that a combination heroin—HIV
vaccine can successfully induce dual immune response against
a heroin hapten and a peptide antigen.”' Recently, a vaccine
that targets heroin and fentanyl has been reported and found
to be efficacious in rodents and rhesus macaques.’"*** The
use of a contiguous hapten that carries dual epitopes of heroin
and fentanyl has also been proposed, but the study revealed
several challenges that need to be addressed before it could be

but combination
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Figure 2. Immune response to haptens. Mice (n = 10 per group) were immunized at weeks 0, 3, 6, and 14 with the monovalent or bivalent vaccine
formulation. Monovalent formulation used 10 ug of antigen. Bivalent vaccine was composed of 10 ug TT-para-AmFenHap and 10 pug TT-6-
AmHap. Immunogenicity was evaluated on sera collected on week 16 using ELISA with the indicated coating antigen: (a) animal study timeline;
hapten-specific IgG end point titers to (b) BSA-6-AmHap and (c) BSA-para-AmFenHap. Data shown are mean + SEM. Statistical differences were
tested using Mann—Whitney nonparametric t-test (**** p < 0.0001; **, p < 0.005; *, p < 0.05).

useful. ™ Collectively, these studies suggest that mixing of two
immunogens is a pragmatic and effective approach to induce
dual immune response to structurally diverse opioids.

We recently reported the synthesis of heroin and fentanyl
haptens (Figure 1), their conjugation to tetanus toxoid (TT)
carrier protein, and their formulation as monovalent
vaccines.’”** The heroin hapten (6-AmHap) is a hydrolytically
stable compound that has been shown to protect rodents from
heroin-induced effects.”® The fentanyl hapten (para-AmFen-
Hap) is composed of the intact fentanyl scaffold and uses the
para 4position at the phenethyl ring as the linker attachment
site.** In this study, we report the formulation and immune
responses to animals of a bivalent vaccine composed of TT-6-
AmHap and TT-para-AmFenHap. These antigens were
coformulated with an adjuvant comprising Army Liposome
Formulation (ALF)* with monophosphoryl lipid A and 43%
cholesterol, otherwise called ALF43, and adsorbed to
aluminum hydroxide (ALF43A). To test this formulation, we
immunized mice with (TT-6-AmHap + TT-para-AmFen-
Hap)/ALF43A vaccine and evaluated immunogenicity and
efficacy. We found vaccine-induced high-affinity antibodies
against heroin, 6-acetylmorphine (6-AM), morphine, and
fentanyl, which protected mice against heroin and fentanyl-
induced effects. The following are the novel aspects of this
work: (1) This is the first report of a bivalent heroin-fentanyl
vaccine that is adjuvanted with liposomal monophosphoryl
lipid A. (2) This is the first report of antibody affinity at
different time points postimmunization. (3) This is the first
report of an in vivo cross-reactivity study of a bivalent heroin—
fentanyl vaccine against opioid receptor agonists (methadone
and buprenorphine) and antagonist (naloxone). These results
demonstrated the feasibility of a practical vaccine against
fentanyl and warrants further development for clinical testing.

B RESULTS

Immune Responses to 6-AmHap and para-AmFen-
Hap. The week 16 mice sera from the bivalent vaccine group
showed IgG end point titers of 716,800 and 318,588 against
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para-AmFenHap and 6-AmHap, respectively, compared to
unvaccinated mice that had IgG end point titer of <400 for
either hapten (Figure 2). Monovalent vaccine groups gave
1,820,444 and 546,133, for TT-para-AmFenHap/ALF43A
(fentanyl vaccine) and TT-6-AmHap/ALF43A (heroin
vaccine), respectively. Fentanyl vaccine-induced sera gave an
end point titer of 1600 against oft-target BSA-6-AmHap ELISA
coating agent. Heroin vaccine-induced sera gave an end point
titer of 30,222 against the off-target BSA-para-AmFenHap
ELISA coating agent. The % cross-reactivity was calculated by
the ratio of the off-target antigen to the target antigen.”’
Monovalent heroin and fentanyl vaccines had 5.53% and
0.088% cross-reactivity, respectively.

Serum Binding of Fentanyl, Heroin, and Metabolites.
Serum sequestration of the target opioids 6-AM and fentanyl
was evaluated using ED*° at different weeks post-immuniza-
tion. The week 3 sera had marginal binding capacity against
fentanyl in both monovalent and bivalent vaccine groups.
Binding capacity increased in week 6 and became comparable
at weeks 9, 14, and 16 in either monovalent or bivalent vaccine
groups (Figure 3a,c). A similar trend was observed for 6-AM
binding (Figure 3b,d).

Two weeks prior to the drug challenge, the week 16 sera
were also assayed for binding against heroin and morphine
(Figure 3e,f). Both drugs were effectively bound at high serum
dilutions (fraction bound >0.50 from 1:400 to 1:6400). When
tested for the ability to bind a mixture of heroin + 9% (w/w)
fentanyl, week 16 sera showed significant binding of both drugs
in the mixture (SI Figure S2).

Temporal Affinity Maturation of Vaccine-Induced
Antibodies. The average K; values of individual and bivalent
vaccine-induced antibodies from pooled sera at weeks 3, 6, 9,
14, and 16 were measured by ED." The competitive inhibition
curves and ICy, values are shown in SI Figure S3. Monovalent
heroin vaccine-induced antibodies had low antibody affinity
after 3 weeks, but significantly increased affinity (decreased K
values) plateauing 6 weeks after the first dose (Figure 4a). This
result was paralleled by monovalent fentanyl vaccine-induced

https://doi.org/10.1021/acs.bioconjchem.1c00179
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Figure 3. Serum sequestration of drugs in vitro. Pooled serum samples from indicated weeks were diluted with a buffer that contained S nM of
indicated drugs and dialyzed against buffer in an equilibrium dialysis plate. Sodium fluoride (3—4 mg/mL) was added to the buffer to impede
heroin degradation. Drug concentrations in the sample and buffer chambers were determined after 24 h, and fraction bound was calculated. Serum
binding from monovalent immunization: (a) Fentanyl from TT-para-AmFenHap group and (b) 6-AM from TT-6-AmHap group. Serum binding
from bivalent immunization: (c) fentanyl, (d) 6-AM, (e) heroin, and (f) morphine. Data shown are mean + SEM of triplicate determinations.

antibodies which gave gradual improvement in antibody
affinity as demonstrated by decreasing Ky values (Figure 4b).
A similar trend in antibody affinity was observed in bivalent
vaccine for both drugs. Only the week 3 sera differed
significantly between monovalent fentanyl and bivalent
vaccines. The week 16 sera from the bivalent vaccine group
showed subnanomolar affinities against fentanyl, heroin, and
metabolites. Heroin and fentanyl had K values of 0.25 + 0.16
nM and 0.33 + 0.06 nM, respectively. The heroin metabolites,
6-AM, and morphine had K values of 0.41 + 0.1S nM and
0.50 + 0.24 nM, respectively. No significant difference in Ky
between these drugs was observed.

Vaccine Efficacy against Heroin and Fentanyl
Challenge. Mice were challenged s.c. at week 18 with
increasing doses of heroin (0.05 to 4 mg/kg). Fifteen minutes
after each heroin dosing, thermal nociception was measured
using a hotplate test. Immunized mice became unresponsive to

2298

thermal stimuli (100% MPE) starting at ~1 mg/kg heroin,
compared to non-immunized mice which reached 100% MPE
at ~0.5 mg/kg heroin (Figure Sa). The EDg, values for non-
immunized and immunized mice were 0.20 + 0.02 mg/kg and
0.70 + 0.09 mg/kg, respectively. This translated to an EDjs
shift of ~3.5-fold (Figure 5d).

Mice also were challenged s.c. at week 18 with increasing
doses of fentanyl (0.00S to 4 mg/kg). Fifteen minutes after
each fentanyl dosing, thermal nociception was measured using
a hotplate test. Very low doses of fentanyl were required to
produce anti-nociception in mice. Non-immunized mice
reached 100% MPE at ~0.05 mg/kg fentanyl compared to
immunized mice that achieved 100% MPE at a 10-fold higher
dose of ~0.50 mg/kg fentanyl (Figure Sb). The EDy, values
for non-immunized and immunized mice were 0.03 + 0.01
mg/kg and 0.20 + 0.05 mg/kg, respectively. This translated to
an EDjy, shift of ~6.7-fold (Figure Se).

https://doi.org/10.1021/acs.bioconjchem.1c00179
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Figure 4. Temporal antibody affinity maturation. Pooled serum
samples at indicated weeks from mice immunized with monovalent or
bivalent vaccines were diluted with a buffer that contained 5 nM of
isotopically labeled tracer and dialyzed against buffer in an ED plate.
Drug concentrations in the sample and buffer chambers were
determined after 24 h, and fraction bound was calculated: (a) TT-
6-AmHap monovalent and bivalent vaccine-induced antibodies
binding to 6-AM, (b) TT-para-AmFenHap monovalent and bivalent
vaccine-induced antibodies binding to fentanyl. The Ky values were
calculated as detailed in the Methods section. Data shown are mean +
SEM of triplicate determinations. Statistical significance was
determined using the two-tailed, unpaired t test. *, p < 0.0S.

0

Mice were challenged s.c. at week 18 with increasing doses
of 9% fentanyl in heroin (0.05 to 4 mg/kg). The 9% (w/w),
ie., 1:10, dose ratio of fentanyl to heroin was used a benchmark
to mimic the circulating adulterated heroin in the illicit
market.”'? Fifteen minutes after each heroin—fentanyl mix
dosing, thermal nociception was measured using the hotplate
assay. Immunized mice reached 100% MPE at ~0.75 mg/kg
heroin (containing ~0.075 mg/kg fentanyl), compared to non-
immunized mice that reached 100% MPE at ~0.25 mg/kg
heroin (containing ~0.025 mg/kg fentanyl) (Figure Sc). The
ED, values for non-immunized and immunized mice were
0.10 + 0.01 mg/kg and 0.34 + 0.05 mg/kg, respectively. This
translated to an EDj, shift of ~3.4-fold (Figure Sf).

Individual vaccine formulations were tested for in vivo cross-
reactivity against heroin and fentanyl. When challenged with
1.0 mg/kg heroin s.c,, mice that were immunized with TT-
para-AmFenHap/ALF43A (fentanyl vaccine) reached 100%
MPE and were not statistically different from the non-
immunized control animals (Figure Sa, blue arrow). Similarly,
mice that were immunized with the TT-6-AmHap/ALF43A
(heroin vaccine) reached 100% MPE and were not statistically
different from the non-immunized control animals, when
challenged with ~0.1 mg/kg fentanyl, s.c. (Figure Sb, red
arrow).

In Vivo Cross-Reactivity to Opioid Receptor Agonists.
The vaccine-induced antibodies cross-reacted with therapeutic
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Figure S. Vaccine efficacy against heroin and fentanyl-induced
thermal anti-nociception. Mice (n = 10 per group) were challenged
s.c. with an increasing dose of either heroin, fentanyl, or 9% (w/w)
fentanyl in heroin mix. The anti-nociceptive effects were assessed by
hotplate assay 15 min after drug dosing and reported as %MPE: (a)
heroin challenge, (b) fentanyl challenge, and (c) heroin + 9% (w/w)
fentanyl challenge. Data shown are mean + SEM. Blue and red arrows
depict mice (n = 10) challenged with a single dose of either heroin or
fentanyl to measure in vivo cross-reactivity.

opioid receptor agonists was evaluated in vivo. Mice were
immunized with the bivalent vaccine and challenged with an
increasing cumulative dose of either buprenorphine or
methadone (Figure 6ab). As expected, non-immunized
control mice showed increasing %MPE values with increasing
doses of either opioid receptor agonist. No significant
difference was observed when compared with immunized mice.

In Vivo Cross-Reactivity to Naloxone. Mice were
challenged with 0.5 mg/kg heroin containing 0.05 mg/kg
fentanyl, s.c., and then administered 0.1 mg/kg naloxone s.c. 15
min post-challenge dose. This dose was chosen because it gave
suboptimal %MPE in the immunized mice based on the dose—
response curve from Figure 5. The thermal nociception was
assessed S and 20 min post-naloxone dosing. No significant
difference in the %MPE values was observed between control
and immunized mice (Figure 6c).

B DISCUSSION

The presence of trace amounts of fentanyl and analogues in the
heroin supply has greatly contributed to the increased number
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Figure 6. Cross-reactivity of bivalent vaccine to therapeutics in vivo. Mice (n = 10 per group) were challenged s.c. with increasing doses of either
buprenorphine or methadone. The anti-nociceptive effects were assessed by hotplate assay 15 min after drug dosing and reported as %MPE: (a)
buprenorphine, (b) methadone, and (c) experimental flow to assess the cross-reactivity of naloxone in vivo. Mice (n = 10 per group) were
challenged s.c. with 0.50 mg/kg heroin with 0.05 mg/kg fentanyl; 15 min afterwards, mice received 0.1 mg/kg naloxone, s.c. The thermal
nociception was assessed S and 20 min post-naloxone. (d) Anti-nociceptive effects of heroin + 9% (w/w) fentanyl in the presence or absence of
naloxone. Data shown are mean + SEM. Statistical significance (naloxone vs saline group) was determined using a two-tailed, unpaired t-test. ***,

p < 0.0005, #*** p < 0.0001. NIx, naloxone, Sal, saline.

of overdose deaths.>~>'" We addressed this public health issue

by formulating a bivalent vaccine against heroin and fentanyl
using the TT-6-AmHap and TT-para-AmFenHap conjugates
previously.””** In the present study, we found that (1)
immunization with a bivalent vaccine that contained TT-6-
AmHap and TT-para-AmFenHap induced high anti-hapten
IgG titers; (2) the serum IgG strongly bound heroin, 6-AM,
morphine, and fentanyl in vitro with nanomolar aflinity; and
(3) immunization protected mice against thermal anti-
nociception induced by heroin, fentanyl, and heroin + 9%
(w/w) fentanyl challenges.

We previously reported the development of monovalent TT-
6-AmHap and TT-para-AmFenHap vaccines.’”** The same
animal species, immunization regimen, and adjuvant formula-
tion were used. In these previous works, we obtained >10°
hapten-specific IgG end point titers for either TT-6-AmHap™”
or TT—pam—Am]?enHap.44 In the present study, immunization
with bivalent vaccine induced high hapten-specific IgG end
point titers confirming that distinct population of antibodies
were generated. Very little cross-reactivity (<6%) was observed
between the antibodies induced by monovalent vaccines
(Figure 2b,c). We believe that this value is too small and in
fact did not manifest in vivo when mice were challenged with
heroin or fentanyl (Figure Sa, blue arrow; b, red arrow).

Mixing two distinct antigens could influence the resultant
IgG end point titers. The end point titers of bivalent vaccine
groups were significantly lower than those of the monovalent
vaccine groups (Figure 2b,c. Our data paralleled that of Hwang
et al.>* who reported a heroin—fentanyl admixture mixture
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composed of 25 ug each of individual antigens. When
compared with 50 pg of individual antigens, the admixture
vaccine gave significantly lower end point titers.”' In a separate
report from the same group,”” individual vaccines were added
with unconjugated carrier protein (i.e., SO yg conjugate + 50
ug unconjugated carrier) such that all groups received the
same total carrier protein amount (100 yg). This resulted in
higher end point titers observed in the admixture than in the
individual vaccines.”” Pravetoni et al.*’ reported similar
findings in a coadministered morphine and oxycodone vaccine.
When the carrier protein amount was normalized among
monovalent and bivalent vaccines by adding unconjugated
carrier protein in the monovalent formulations, higher anti-
hapten end point titers were observed in the bivalent vaccine.
In our study, we used 10 pug of the fentanyl vaccine and 10 ug
of the heroin vaccine to make a bivalent formulation (20 ug),
and no normalization by equalizing the total protein was
employed.

Others have also recognized the change in titers between
monovalent and bivalent vaccine formulations using different
adjuvants and administration route.’*>***” Pravetoni et al.*’
observed that IgG end point titers of a morphine—oxycodone
bivalent vaccine formulated with Freund’s adjuvant had higher
IgG end point titers compared to morphine or oxycodone
vaccine alone when administered intraperitoneally (i.p.). The
same group compared the immunogenicity and efficacy of a
bivalent nicotine vaccine composed of distinct nicotine
haptens®” where no significant difference in titer was observed
when vaccines were adjuvanted with alum and injected s.c.
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However, higher titers were obtained in monovalent vaccines.
Freund’s adjuvant was used and administered ip. In the
context of a heroin-fentanyl vaccine with CpG and alum as
adjuvants, Hwang et al.”"** reported that bivalent vaccine
formulation administered s.c. yielded higher IgG end point
titers than the corresponding heroin or fentanyl alone. These
seminal studies suggested that the degree of humoral response
is influenced not only by the dose but also by the number of
distinct immunogens present, adjuvant in the formulation, and
administration route. How this happens immunologically
remain unclear, and this could be a fertile ground for future
research.

The immune response to specific antigens could be
maximized using potent adjuvants that may induce an antigen
dose-sparing effect in vaccines for infectious diseases.”*” This
suggests that at a given adjuvant dose, a ceiling amount of IgG
could be induced where the amount of antigen used may have
little effect, at a certain range, on the magnitude of immune
response. This is consistent with our observation that sera from
mice immunized with the bivalent vaccine yielded lower IgG
end point titer compared with the fentanyl monovalent
formulation. The monovalent and bivalent formulations
contained the same adjuvant dose (20 ug of synthetic MPLA
in ALF43, and 30 pg aluminum in aluminum hydroxide) but
different total amounts of antigen (monovalent = 10 pug,
bivalent = 20 ug). These results showcased the high potency of
ALF43A adjuvant in inducing an immune response to opioid-
based antigens.

The goal of immunization was to induce IgG that could
sequester opioids in the blood and prevent their access to the
brain.**7**** In vitro, the ability of the sera to sequester
opioids may be predictive of in vivo sequestration.*”** We
found that the sera from mice immunized with the bivalent
vaccine effectively sequestered heroin, 6-AM, morphine, and
fentanyl (Figure 3). We previously reported that immunization
using TT-6-AmHap alone induced IgG that did not cross-react
with fentanyl owing to its distinct difference from the structure
of the 6-AmHap hapten.’® In this study, we showed that this
paralleled the in vivo data (Figure 6). These results confirmed
that (1) the selectivity of the vaccine-induced IgG was retained
in the bivalent vaccine and (2) dual immunogenic response has
been achieved. These findings are consistent with bivalent
vaccines reported previously where individual vaccines were
coadministered.”**~***" Driven by these results, it is prudent
to anticipate that the broad specificities of IgG induced by TT-
6-AmHap”® and the TT-para-AmFenHap** monovalent
vaccines against related drugs of abuse might also be retained
in the bivalent formulation.

The efficacy of opioid vaccines could stem from the binding
strength and concentration of the generated opioid-specific
IgG. We used competition ED* to determine the average Ky
of the polyclonal sera. We found that sera from bivalent
vaccine-immunized mice had very strong affinity (K3 < S nM)
against all drugs tested (heroin, 6-AM, morphine, and
fentanyl). When compared with monovalent vaccines, a similar
trend in Ky values was found. Nanomolar affinity could mean a
longer duration of the antibody—antigen complex from
minutes to hours™’ suggesting that once bound by IgG in
the blood, drugs would very slowly dissociate preventing
redistribution to tissues such as the brain. The ability of IgG to
bind heroin metabolites 6-AM and morphine is crucial,
because the physiological effects of heroin are mainly mediated
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by these molecules owing to the short half-life (~3 to 4 min)
of heroin in the blood.*®

Bivalent vaccine-induced antibodies did not cross-react with
selected therapeutic drugs in vitro and in vivo. We previously
reported that monovalent vaccine-induced antibodies did not
cross-react with therapeutic drugs in vitro.”>** In this study, we
reported that this is also true in vivo. Using the full and partial
opioid receptor agonists, methadone and buprenorphine,
respectively, we observed that the anti-nociceptive responses
of mice immunized with the bivalent vaccine did not differ
significantly from those of non-immunized mice (Figure 6).
Similarly, naloxone rescue experiments demonstrated that
immunization using the bivalent vaccine did not impede
naloxone. These therapeutic drugs are structurally distinct
from the haptens, which may explain why vaccine-induced
antibodies did not bind these drugs. These results suggested
that the bivalent vaccine could be used as a complement of
existing therapeutic drugs to opioid use disorders.

Opioids reduce pain sensation as a result of binding to
opioid receptors in the brain.”> This brain-mediated
nociception was exploited as a surrogate of vaccine efficacy
using a hotplate assay. The use of the hotplate to evaluate the
vaccine performance has consistently produced reproducible
behavioral changes in response to the challenge drugs.’”>'
Mice that received the bivalent vaccine were protected against
repeat fentanyl and heroin challenges (s.c.) (Figure S). We
found the following doses to be equipotent (based on EDy) in
non-immunized mice: fentanyl (0.03 + 0.01 mg/kg), heroin
(0.20 + 0.02 mg/kg), and 10% fentanyl in heroin (0.10 = 0.01
mg/kg heroin containing 0.01 mg/kg fentanyl). This
confirmed that the presence of fentanyl dramatically enhances
the potency of heroin. For example, the estimated lethal dose
of fentanyl and heroin in humans is ~2 mg (~0.29 mg/kg,
assuming 70 kg human) and ~50 mg (~0.72 mg/kg, assuming
70 kg human), respectively, but when mixed, as in adulterated
street heroin, these lethal doses are dramatically reduced. The
human lethal dose of fentanyl-laced heroin is currently
unknown, but a study suggested that the addition of fentanyl
to heroin at a 1:10 (by weight) can more easily cause death
through respiratory depression and brain hypoxia than the
individual opioids.”

The protection level observed in this study agrees with
previous work that used other assays to demonstrate vaccine
efficacy.’®** Our findings also concur with other works
showing that fentanyl-specific antibodies generated from a
fentanyl—hapten conjugate decreased anti-nociception and
opioid seeking behaviors to fentanyl>>~*>** and a heroin—
fentanyl mix’"**** in behavioral assays in both rodents and
nonhuman primates. Despite the disadvantage of animals
learnin% “escape behaviors” as study end points upon repeated
testing,”"” the challenge drugs reliably shifted the dose—effect
curves to higher doses in the immunized animals. The results
from this study show a promising avenue for opioid vaccine
research and the potential for moving toward clinical trial in
efforts to combatting the rise of opioid use disorder in the U.S.

The components of our vaccine formulation are potent, safe,
and easily translatable to the clinic. The TT carrier protein is
highly immunogenic, which is desirable in the context of T-
cell-dependent antigen recognition. The ALF43A adjuvant
contains two powerful immunostimulants: monophosphoryl
lipid A, an agonist of Toll-like Receptor-4 (TLR-4), a hallmark
of innate immune cells, and aluminum hydroxide that is
thought to trigger inflammasome activation.”* ALF43A has
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been shown to induce high immune response in a myriad of
antigens from opioids to infectious diseases like HIV-1 and
malaria.*> Together, these vaccine components could act on
multiple pathways at the interface of the innate and adaptive
immune system, which resulted in high immunogenicity of the
bivalent vaccine.

In summary, we have described a unique and pragmatic
vaccine to combat heroin adulterated with fentanyl. Our heroin
hapten resembles a heroin molecule with hydrolyzable ester
groups replaced by amides,” suggesting that this may ensure
the integrity of the vaccine during storage. Owing to its
structure, the fentanyl hapten para-AmFenHap is also relatively
stable.** The carrier protein used for conjugation is a U.S.
Food and Drug Administration (FDA)-licensed vaccine against
tetanus infection.> The conjugation chemistry is a facile and
reproducible thiol-maleimide reaction that has been widely
used in the pharmaceutical industry. This reaction consistently
yields at least 30 haptens per carrier molecule, a pivotal factor
in conjugate vaccine design because it influences efficacy.’!
Importantly, the bivalent vaccine uses an adjuvant that is
proven safe and effective in the context of vaccines against
many diseases.*”*® We have also shown that the IgG induced
by these immunogens did not cross-react with drugs used for
opioid abuse management therapies in vivo, which highlighted
the potential of this bivalent vaccine as a potential adjunct to
existing evidence-based therapies to serve as secondary
protection to patients undergoing addiction treatments. The
following future studies are warranted: (1) investigation of the
efficacy of this proposed vaccine against the respiratory
depressive effects of opioids; (2) measurement of how opioid
distributions in the blood and brain change in vaccine recipient
animals; and (3) evaluation of how this vaccine modulates
reward-seeking behaviors in self-administration models. The
immunogenicity and efficacy data presented in this work
showcase the seminal attributes of a potential vaccine against
heroin and fentanyl that is worthy of further development
toward translation to humans.

B METHODS

The list of materials used and their sources are provided in the
SI Supplementary Methods.

Synthesis and Characterization of Vaccine Antigens.
The heroin hapten, 6-AmHap, and the fentanyl hapten, para-
AmFenHap, were separately coupled to the tetanus toxoid
(TT) carrier protein using the optimized coupling method as
previously described.***">”*® Briefly, TT was incubated with
the NHS-(PEG),-maleimide cross-linker [SM(PEG),] cross-
linker at a 1:1600 molar ratio for 2 h. Excess linker was
removed using a Zeba spin column, and the protein content of
the eluate was quantified using a bicinchoninic acid (BCA)
assay kit. The excess haptens were removed by repeated
dialysis against phosphate buffered saline (PBS), pH 7.4, at 4
°C. The TT-hapten conjugates were sterile filtered and
quantified using the BCA protein assay. The number of
haptens attached per TT molecule in each conjugate was
assessed using matrix assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry, and about 30—35
haptens per TT molecule were consistently obtained.’***

Vaccine Formulation. The vaccines contained TT-
hapten conjugates and a liposomal adjuvant. The adjuvant
was composed of Army Liposome Formulation with 43%
cholesterol adsorbed to aluminum hydroxide as described.””*’
ALF43 consisted of the following lipids: 1,2-dimyristoyl-sn-
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glycero-3-phosphoglycerol (DMPG), 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC), synthetic MPLA (3D-
PHAD), and cholesterol. Briefly, ALF43 was prepared from a
mixture of DMPC:cholestero:DMPG in a molar ratio of
9:7.5:1, with the addition of 3D-PHAD. The molar ratio of
phospholipid: 3D-PHAD was 8.8:1. The liposomal adjuvant
was a lyophilized powder derived from small unilamellar
vesicles. To make the bivalent vaccine, the lyophilized ALF43
was mixed with 10 pug TT-6-AmHap and 10 ug TT-para-
AmFenHap, 30 pg of aluminum in aluminum hydroxide
(Alhydrogel), and 20 ug 3D-PHAD per dose of 50 uL in PBS,
pH 7.4. Monovalent vaccines used either 10 ug TT-6-AmHap
or 10 ug TT-para-AmFenHap and the same adjuvant dose as
the bivalent vaccine.

Animal Studies. All animal studies were conducted under
an approved animal use protocol in an Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALACi)-accredited facility in compliance
with the Animal Welfare Act and other federal statutes and
regulations relating to animals. Experiments involving animals
adhered to the principles stated in the Guide for the Care and
Use of Laboratory Animals, 8th edition.”" Briefly, ~7-week-old
female Balb/c mice (n = 10 per vaccine group) (Jackson
Laboratories, Bar Harbor, ME) were immunized via intra-
muscular (im.) route in alternate rear thighs with 50 uL of
vaccine formulation on weeks 0, 3, 6, and 14. Mice were bled at
weeks 0, 3, 6, 9, and 16.

Nociception Assays. The hotplate assay was used to assess
vaccine efficacy in mice at week 18 as previously described.****
Briefly, a cumulative dose—response to heroin, fentanyl, and
heroin + 9% fentanyl dissolved in saline was carried out via the
subcutaneous (s.c.) route. Baseline hotplate latencies to the
thermal stimulus were determined at 56 °C by gently placing
the mice on a hotplate with a cylindrical cage to prevent
escape, followed by the administration of the challenge drugs
and post-challenge testing every 15 min. The licking, lifting,
shaking of the hind paws, or jumping from the hot surface was
used as the study end point with a cutoff latency set to 30 s to
prevent tissue damage. The anti-nociceptive effects were
quantified in terms of % maximum possible effect (%MPE)
according to eq 1

%MPE = (Post-injection latency time — baseline latency time)
/(30 — baseline latency time) X 100

(1)

Challenge experiments were performed at week 18 via s.c.
route of administration, using increasing doses of heroineHCI,
fentanyleHCl, or a 9% mixture of fentanyleHCl and
heroineHCI. All drugs were solubilized in 0.9% saline. Anti-
nociceptive effects were assessed 15 min after each challenge
drug injection. The following dose regimen was used: fentanyl:
0.05, 0.10, 0.25, 0.50, 0.75, 1.00, 2.00, 4.00, 6.00 mg/kg;
heroin: 0.10, 0.25, 0.50, 0.75, 1.00, 2.00, 4.00 mg/kg; and
heroin + 9% fentanyl: 0.050 + 0.0050, 0.10 + 0.010, 0.250 +
0.025, 0.50 + 0.050, 0.75 + 0.075, 1.00 + 0.10, 2.0 + 0.20, 4.0 +
0.4, respectively (mg/kg). For methadone challenge experi-
ments, the following doses were used: 0.125, 0.250, 0.500,
1.000, 1.500, 2.000, 2.500, and 5.000 mg/kg. For the
buprenorphine challenge experiment, the following doses
were used: 0.0125, 0.025, 0.050, 0.100, 0.150, 0.200, 0.250,
0.500, and 0.750 mg/kg. For the naloxone challenge
experiment, mice were challenged with 0.50 mg/kg heroin
combined with 0.050 mg/kg fentanyl, then 0.10 mg/kg
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naloxone 15 min later. Anti-nociception was assessed 5 and 20
min post-naloxone treatment.

ELISA. The IgG end point titers against haptens were
quantified from mice sera at week 16. Plates were coated with
either BSA-6-AmHap, BSA-para-AmFenHap, or TT (0.1 ug/
0.1 mL in PBS, pH 7.4) and incubated overnight at 4 °C.
ELISA was performed the next day as noted.’”**>"

Serum Binding Measurements. Serum binding was
measured using equilibrium dialysis (ED) as noted.***
Mouse sera from week 16 were diluted with 0.05% BSA in
PBS, pH 7.4 (ED buffer), containing S nM of a drug. For
heroin serum binding analysis, the ED buffer was added with
3—4 mg/mL of sodium fluoride (NaF) to prevent ester-
mediated hydrolysis.”> An aliquot (100 yL) was seeded into
the sample chambers of a rapid ED plate, and the buffer
chamber was filled with 300 uL of ED buffer. The plate was
incubated at 4 °C and 300 rpm for 24 h in a thermomixer.
Aliquots (90 L) from sample and buffer chambers were
pipetted out and analyzed by liquid chromatography tandem
mass spectrometry (LC-MS/MS).

Sera were diluted to limit nonspecific binding and to t[’)ermit
multiple measurements from limited serum samples.*® This
was acceptable given that the end point titers measured were
sufficiently high. Pre-immune (week 0) and post-immune
(week 16) sera were diluted with S nM of either heroin,
fentanyl, 6-AM, or morphine in ED buffer and dialyzed against
buffer for 24 h using a semipermeable membrane with a
molecular weight cutoff of 12 kDa. When the ED buffer was
added with 3—4 mg/mL of NaF, degradation was adequately
suppressed to permit intact heroin measurements at dilutions
tested (SI, Figure S1). Dilutions were chosen (1:400 to
1:51,200), such that 100% of the drug was bound at the initial
concentration of S nM.

Determination of Antibody Affinity (Ky). The K, of
anti-hapten I§G in serum was measured using competition ED
as noted.”"** Briefly, mouse sera were diluted with § nM of
isotopically labeled tracer drug (d,, where x = number of heavy
isotopes) in ED buffer at a serum dilution that yielded 50%
fraction bound in the binding experiments. The buffer
chambers were filled with ED buffer that contained an
increasing concentration of the competitor drug (final
concentration, 0 nM to 40 nM). Half-maximal inhibitory
concentration (ICg,) was interpolated using a four-parameter
logistic curve (plot of % inhibition vs concentration of
competitive inhibitor). The % inhibition values were obtained
using eq 2 and were used to calculate Ky according to eq 3:*

] )

Where [dx]bound, 1 = [dx]sample chamber [dx]buffer chamber’
[d.Jbound, 1, = concentration of the d,-tracer in the absence of

[dx]bound,l

%Inhibition = 100 x| 1 —
[dx]’bound,l0

competitive inhibitor.

I<d = ([150] - [’1—;])(1 — 1.5b + O.sz) 3)

Where [I5,] = molar concentration of the competitive inhibitor
required for 50% inhibition; [T,] = total molar concentration
of d,-tracer after equilibrium (typical value is 1.25 nM); b =
fraction of bound d -tracer in the absence of competitive
inhibitor.

LC-MS/MS. A binary ultraperformance liquid chromato-
graph coupled to a triple quadrupole tandem mass
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spectrometer (LC-MS/MS) operated in multiple reaction
monitoring (MRM) mode was used to quantify drug
concentrations.”**® The gradient information, mass spectrom-
etry parameter settings, and MRM transitions are provided in
the SI Supplementary Methods.

Data Analysis. GraphPad Prism 8 (GraphPad Software, La
Jolla, CA) was used for all statistical analyses and graphing of
data. Data were analyzed using Student’s unpaired two-tailed ¢-
test. Differences were considered significant if p < 0.05. For
the dose—response studies, a nonlinear regression analysis
(four-parameter logistic curve) was used to generate best-fit
line.** All values represent the mean + standard error of the
mean (SEM).
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B ABBREVIATIONS

ALF43A, Army Liposome Formulation with 43% cholesterol
on aluminum hydroxide; 6-AM, 6-acetyl morphine; 6-AmHap,
N-((7S,7aR,12bS)-7-acetamido-3-methyl-2,3,4,44,5,6,7,7a-oc-
tahydro-1H-4,12-methanobenzofuro [3,2-¢]isoquinolin-9-yl)-
3-(tritylthio)propanamide); BCA, bicinchoninic acid; BSA,
bovine serum albumin; DMPC, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-phos-
phoglycerol; 3D-PHAD, monophosphoryl 3-Deacyl Lipid A;
ED, equilibrium dialysis; EDs, 50% effective dose; ELISA,
enzyme-linked immunosorbent assay; ICs,, 50% inhibitory
concentration; IgG, immunoglobulin; Ky, dissociation con-
stant; MALDI-TOF MS, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry; MPLA, mono-
phosphoryl lipid A; LC-MS/MS, liquid chromatography
tandem mass spectrometry; LDg, 50% lethal dose; MPE,
maximum potential effect; MWCO, molecular weight cutoff;
para-AmFenHap, N-phenyl-N-(1-(4-(3-(tritylthio)-
propanamido)phenethyl)piperidin-4-yl)propionamide; PBS,
phosphate buffered saline; s.c., subcutaneous; im., intra-
muscular; i.p., intraperitoneal; SM(PEG),, succinimidyl-[(N-
maleimidopropionamido)-diethylene glycol] ester; TT, tetanus
toxoid
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